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The results of an electrospray ionization (ESI() and ESI()) collision-induced fragmentation
investigation of meso-tetrakis(heptafluoropropyl)porphyrin (TFHP) are reported. The fragmen-
tation patterns of TFHP show, in both ionization modes, the formation of fragments with direct
covalent meso-alkyl-to--linkages on elimination of HF. In addition, in the ESI() mode, the
losses of perfluoroalkyl radicals are observed. A detailed analysis of the fragmentation
patterns allows conclusions to be drawn on the identification of the fragment species.
Comparable cyclized products were previously produced using radical-initiated solution-
phase syntheses. The results presented will help to analyze meso-perfluoroalkyl-derivatized
porphyrinic macrocycles that are becoming increasingly popular. (J Am Soc Mass Spectrom
2005, 16, 1915–1920) © 2005 American Society for Mass SpectrometryMeso-Tetraarylporphyrins, the parent com-pound of which is meso-tetrakisphenylpor-phyrin, are the most widely studied class of
synthetic porphyrins [1]. Much less investigated are the
corresponding meso-tetrakis-alkylporphyrins and meso-
perfluoroalkylporphyrins [2-5]. In particular, the meso-
perfluoroalkylporphyrins have proved useful in, for
example, the design of synthetic monooxygenase mim-
icks [6]. In addition, their potential in both photody-
namic therapy and in the in vivo imaging by fluores-
cence and 19F NMR (nuclear magnetic resonance)
spectroscopy was evaluated [7].
Recently, the groups of Guo and Chen described,
inter alia, the functionalization of meso-arylporphyrins
with meso-fluoroiodo-alkanes (1) or fluorochloro-al-
kanes (2). Radical-induced deiodination or debromina-
tion resulted in the formation of terminal radicals that
efficiently ring-closed with the neighboring -positions
to form products 3 and 4, respectively (Scheme 1) [8, 9].
Thus, a range of fused ring products enclosing five- and
six-membered rings were prepared. These findings
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doi:10.1016/j.jasms.2005.08.001prompted the question whether meso-perfluoroalkyl-
porphyrins such as meso-tetrakis(heptafluoropropyl)-
porphyrin (TFHP) also undergo similar cyclizations.
This study will answer this question affirmatively.
Here, we report the analysis of TFHP by tandem
electrospray ionization (ESI) mass spectrometry in the
positive and negative mode. Using collision-induced
fragmentation techniques, we find that rich fragmenta-
tion patterns in positive and negative ionization modes
are observed. Next to the expected losses of radical
fragments, HF eliminations are observed, which we
attribute to the formation of polycyclic systems contain-
ing meso-alkyl-to--fusions. A detailed analysis of the
spectra allows some conclusions to be drawn as to the
Structure 1nature of these products.
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TFHP was purchased from Frontier Science, Inc., Logan,
UT, USA. All mass spectrometry data were obtained
using an EsquireLC ion trap mass spectrometer (Bruker
Daltonics, Billerica, MA, USA) with an ESI source.
Samples were dissolved in spectral grade CH2Cl2 and
diluted in CH3CN to 10
4M concentrations. This solu-
tion was directly infused into the ion source at a flow
rate of 1 L/min. Spectra were collected in both posi-
tive and negative ionization modes. The standard tune
parameters were similar for both modes: capillary volt-
age, 3500-4000 V;  end plate, 500 V; capillary offset, 70
V; skimmer 1 set at 30 V; skimmer 2 set at 4 V; octupole,
3 V with  2 V, trap drive, 55-75 V; ion charge control on
and target, 25,000 (10,000 in negative mode for better
isotope resolution); nebulizer gas (N2), 12 psi; drying
gas (N2), 5 L/min; drying temperature, 250 °C. The
fragmentation spectra of the analytes were collected
with an isolation width of 4 atomic mass units (amu),
fragmentation amplitude set to 1 V, and SmartFrag on
(amplitude automatically varies to 30-200% of the set
fragmentation amplitude of 1 V). The accuracy of the
data is 0.3 amu.
Results and Discussion
ESI mass spectrometry is becoming a popular technique
for the analyses of porphyrins and metalloporphyrins
[10-16]. Free base porphyrins are readily protonated [14,
16]. Thus, ESI() is commonly used for the analysis of
porphyrins and proves also to be suitable for the analysis
of TFHP (see the following section). For the simplicity and
clarity of the resulting spectra and their interpretation, we
will, however, first discuss our findings using the ESI in
the negative ion detection mode (ESI()).
Single and Tandem ESI() Mass Spectrometry
Spectra of TFHP
The ESI() spectrum of TFHP (C32H10F28N4, exact mass:
982.0458 amu), recorded in the negative ion mode,
Scheme 1.shows as the major species one peak at m/z 981.3,corresponding to the species [TFHPH]. Ionization is
thus brought about by deprotonation, presumably of
one of the inner pyrrole-type nitrogens. The electron-
withdrawing meso-perfluoroalkyl substituents increase
the acidity of the porphyrin and make deprotonation
possible. As expected for the soft ESI method, no
fragment ions are observed [17].
Figure 1 shows the collision-induced fragmentation
spectrum of the species at m/z 981. As the sole frag-
mentation pattern, the successive loss of six equiva-
lents of HF (20 amu) is observed. Because a cis-
elimination of HF (hydrogen fluoride) cannot take
place in TFHP, we surmise that the elimination is,
under concomitant formation of a single bond, due to
the loss of one H from the pyrrolic -positions and
the loss of one F from a flanking perfluoroalkyl group
(Scheme 2). It can not be conclusively derived
whether this reaction is due to a nucleophilic attack of
a -carbon at the fluoroalkyl chain or due to a
radical-mediated process, but the absence of any
radical fragmentations (cf. below to the correspond-
ing fragmentation spectrum in the ESI() mode)
suggests a substitution mechanism. This mechanism
is also assisted by the negatively charged porphyrinic
macrocycle. We, and others, have observed the for-
mation of such linkages under mass spectrometry
conditions in meso-perfluoroaryl-substituted porphy-
rins [16, 18].
The structure of the species at m/z 961 resulting from
one loss of HF from [TFHP  H] could be species 5a,
enclosing a six-membered ring, or 5b, enclosing a five-
membered ring. The ESI() spectrum does not provide
any indications of which species is formed. However, as
we will show later, the ESI() spectrum provides clues
that preferentially the six-membered ring is formed.
Hence, the consecutive fragmentation products are formu-
lated in Scheme 2 as the fused six-membered ring species.
The second and subsequent two HF losses can result in the
formation of numerous isomers. We surmise that the
cyclizations occur in an unidirectional orientation. Instead
of forming products such as 6b, in which the two alkyl
chains are linked to the same pyrrolic building block,
isomer 6a is formed, in which the two alkyl chains are
linked to two different pyrrolic units. We base this on a
Figure 1. Collision-induced fragmentation spectrum of the spe-
cies [TFHP - H] (m/z 981). An interpretation of the spectra is
presented in Scheme 2.
i, bla
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basis set). A space-filling representation of the energy-
minimized isomers 6a and 6bwas generated and is shown
in Scheme 2. Although isomer 6a is not sterically encum-
bered, significant overlap of the van der Waals radii of
two fluorine atoms is clearly present in isomer 6b. Hence,
accounting for the cooperative interaction between the
linkages, we have formulated the species 7 that resulted
from the loss of four equivalents of HF as the symmetri-
cally linked isomer.
The fifth and sixth loss of HF implies the formation
of two more linkages, presumably forming fused four-
membered rings, as shown for 8. The position of the
four-membered rings was, as shown, positioned to be
opposite to each other but there is no experimental
Scheme 2. Interpretation of the collision-induce
Open arrow indicates steric interactions; the solid
model of 6a/b (energy-minimized, MM2 level,
representation, atoms at 100% van der Waals radievidence to exclude the formation of these fusions inpyrrolic subunits adjacent to each other. Molecular
modeling studies have revealed the metric possibility of
these linkages although the porphyrin assumes a
slightly domed conformation. This high-energy defor-
mation is likely the reason the intensity of the ion peaks
corresponding to the fifth and especially the sixth HF
loss are small. No further fragmentations are observed
in the tandem ESI() spectrum of [TFHP  H].
Single and Tandem ESI() Mass Spectrometry
Spectra of TFHP
The single ESI mass spectrum of TFHP, recorded in the
positive ion mode, shows one predominant species at
mentation spectrum of [TFHP  H] (Figure 1).
ws indicate the view direction of the molecular
Chem 3D Pro, v. 5.0), shown in space-filling
ck: carbon, grey: fluorine, and white: hydrogen.d frag
arro
CSm/z 983.4 that corresponds to the expected monoproto-
ation
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983.0531). The collision-induced fragmentation ESI()
spectrum of the species [TFHP  H] (Figure 2) shows,
in principal, similar HF-loss patterns as the ESI()
spectrum, which we interpret in a similar fashion
(Scheme 3). However, the spectrum is complicated by
the fact that radical fragmentations are observed and
that the fragments each undergo HF loss-mediated
cyclization reactions.
The heaviest fragment is species 9 of m/z 963, derived
from [TFHP  H] by loss of HF. Analogous to the
negative ion mode spectrum, two possible structures
can be formulated for this product, 9a and 9b. The
six-membered product 9a is set up for three more
equivalent losses of HF, all of which are observed,
ultimately forming species 15. The five-membered ring
species 9b is not a likely structure for the ion of m/z 963.
This is because the ESI() spectrum is characterized by
the occurrence of many radical fragmentations of the
heptafluoropropyl substituents (see in the following
paragraph). This should make the formation of the
highly stabilized radical 10 through loss of a CF3˙ radical
likely. That fragment, however, is not observed. The
mechanism for the cyclization reactions are, because of
the observation of extensive radical fragmentations, of
radical nature, although the very electron-rich nature of
even a monoprotonated porphyrin ring may still allow
nucleophilic substitution reactions to take place.
The tandem ESI() spectrum of [TFHP  H] is, in
contrast to its ESI() spectrum, rich of fragmentations of
the heptafluoropropyl substituents. This circumstance
provides valuable indications for the structure of the
products. The spectrum allows the identification of five
independent series of peaks, which are all derived from
the parent ion [TFHPH] by different radical fragmen-
tations of the heptafluoropropyl group(s): Series 1 through
5, origination in the species 11, 12, 13, and 14, respectively.
Each peak series is related through sequential losses of up
to four molecules of HF (Figure 2B). All expected radical
fragments from [TFHPH] are found: loss of C2F5˙ from
[TFHPH] leads to the formation of the stable benzylic
radical species 11. Loss of one entire meso-group (C3F7˙)
Figure 2. Collision-induced fragmentation sp
Interpretation of the spectra and species designfrom [TFHP  H] (or loss of CF2 from 11) generates thearomatic radical species 12. Further loss of a CF3• radical
from 12 forms 13b. Alternatively, the diradical isomeric
structure 13b, resulting from two sequential losses of C2F5˙
from [TFHPH], is also a likely structure for the species
of m/z 745. The final alkyl-fragmentation product that can
be traced is species 14 for which multiple origins can be
assumed.
Fragment 11 undergoes all three expected HF losses
with concomitant formation of six-membered rings.
Once again, no product resulting from the loss of a CF3˙
from 11 or any of its HF condensation products are
detected, supporting the benzylic radical structure 16
containing fused six-membered rings as the structure
for the final product. For the same steric arguments
provided previously, we show the symmetric conden-
sation products derived from unidirectional ring fu-
sions. An analogous analysis can be made for 12,
leading to porphyrin radical 17.
An analysis of the fragmentation of species 13 does
not allow its identification as either 13a or 13b because
both structures are set up to undergo the observed two
HF-mediated six-membered ring closures to form the
two isomers of 18 shown. Finally, fragment 14 can
undergo two subsequent HF extrusions, forming 19. In
addition, HF losses from fragments 18 and 19 are
observed, suggestive of the formation of four-mem-
bered rings (cf. to Scheme 2). This, and whether 18 and
19 undergo internal radical recombination processes,
however, remains speculative.
Conclusions
We have shown the detailed mass spectrometric analy-
sis of a meso-perfluoroalkylporphyrin. The overriding
pattern observed in the positive and negative ion mode
spectra are a series of HF eliminations we attribute to
the formation of meso-alkyl-to--position fusion prod-
ucts. We are not aware of any reports describing this
fragmentation pattern for meso-perfluoroalkylporphy-
rins. The results will facilitate the interpretation of mass
spectrometry spectra of meso-perfluoroalkyl-substituted
porphyrinic compounds using ESI mass spectrometry.
m of the species [TFHP  H] (m/z 983.1).
in Scheme 3.ectruThe findings provide an understanding of the behavior
1919J Am Soc Mass Spectrom 2005, 16, 1915–1920 ESI MS OF meso-HEPTAFLUOROPROPYLPORPHYRINof fluoro-substituted meso-alkylporphyrins under ESI
mass spectrometry conditions. Whether the observed
fragmentation modes also can be adopted for the solu-
tion-phase bulk synthesis of porphyrins containing
fused perfluorinated ring systems is currently a subject
of investigations in our laboratories.
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